The HSP40 cochaperone SEC63 is associated with the SEC61 translocon complex in the ER. Mutations in the gene encoding SEC63 cause polycystic liver disease in humans; however, it is not clear how altered SEC63 influences disease manifestations. In mice, loss of SEC63 induces cyst formation both in liver and kidney as the result of reduced polycystin-1 (PC1). Here we report that inactivation of SEC63 induces an unfolded protein response (UPR) pathway that is protective against cyst formation. Specifically, using murine genetic models, we determined that SEC63 deficiency selectively activates the IRE1a-XBP1 branch of UPR and that SEC63 exists in a complex with PC1. Concomitant inactivation of both SEC63 and XBP1 exacerbated the polycystic kidney phenotype in mice by markedly suppressing cleavage at the G protein-coupled receptor proteolysis site (GPS) in PC1. Enforced expression of spliced XBP1 (XBP1s) enhanced GPS cleavage of PC1 in SEC63deficient cells, and XBP1 overexpression in vivo ameliorated cystic disease in a murine model with reduced PC1 function that is unrelated to SEC63 inactivation. Collectively, the findings show that SEC63 function regulates IRE1a/XBP1 activation, SEC63 and XBP1 are required for GPS cleavage and maturation of PC1, and activation of XBP1 can protect against polycystic disease in the setting of impaired biogenesis of PC1. Figure 1. SEC63 deficiency activates IRE1α-XBP1 but not other UPR branches. (A) Xbp1 mRNA RT-PCR splicing assay in Sec63-or Prkcsh-deficient cells and kidney tissues. Spliced XBP1s is only present in SEC63-KO cells and kidneys. (B) WT (Sec63 fl/fl ), SEC63-KO cells, and SEC63-KO cells reconstituted with SEC63 or GFP in the unstressed state or were treated with tunicamycin (Tun; 2 μg/ml) or thapsigargin (Thap; 1 μM) for 4 hours. IRE1α and PERK activation (phosphorylation) was analyzed by immunoblotting. Phos-tag electrophoresis was performed to better separate p-IRE1α from the unphosphorylated form. (C) WT and SEC63-KO cells in the basal state or treated with tunicamycin for the indicated times. UPR activation analyzed by immunoblotting with indicated antibodies. (D and E) Quantitative RT-PCR expression of UPR marker genes in SEC63-KO and the reconstituted cells (D, n = 3 per group), and SEC63-KO P18 kidneys (E, n = 6-8 mice per group). (F) Kidney nuclear extracts examined by immunoblotting with indicated antibodies. Tunicamycin-treated (1 mg/kg, 6 hours) mice were used as positive controls. ns, a nonspecific band used for loading control. (G) eIF2α phosphorylation was determined by immunoblot using whole kidney lysates. Note the residual SEC63 expression in SEC63-KO kidneys due to the cell type-specific expression of Ksp-Cre. Results are shown as mean ± SEM (Student's t test);
Introduction
Isolated autosomal dominant polycystic liver disease (ADPLD) is a slowly progressive genetic disorder characterized by overgrowth of the biliary epithelium and the surrounding connective tissue leading to the formation of multiple cysts in the adult liver (1, 2) . Liver cysts in ADPLD are clinically indistinguishable from those found in patients with autosomal dominant polycystic kidney disease (ADPKD). ADPKD is caused by mutations in either PKD1 or PKD2, which encode the integral membrane proteins polycystin-1 (PC1) and PC2 (TRPP2), respectively (3) . Human ADPLD without kidney cysts is caused by mutations in PRKCSH or SEC63 (4-6), both of which encode ER-resident proteins. PRKCSH encodes the β-subunit of glucosidase II (GIIβ), which modifies N-linked glycosylation as part of the maturation and quality control of newly synthesized glycoproteins (7) . SEC63 is associated with the SEC61 translocon complex that serves as a channel through which nascent polypeptides are cotranslationally imported into the ER lumen for folding, modification, and subsequent trafficking. SEC63 contains a DnaJ domain, which is conserved in HSP40 proteins that act as cochaperones (8) .
Although ADPLD and ADPKD are inherited as autosomaldominant traits, cyst formation in both disorders come about from secondary somatic mutations in the respective normal alleles. These mutations result in significant reduction or complete loss of function of the protein products at the cellular level (9) (10) (11) (12) (13) (14) . Organspecific inactivation of Sec63 or Prkcsh in mice produce cysts both in the liver and kidneys, further strengthening the mechanistic connection between ADPLD and ADPKD (14) . Although PRKCSH and SEC63 are involved in folding and quality control of a large number of integral membrane proteins that transit the ER, cysts result from impaired production of just two of these many-client proteins, PC1 and PC2. Loss of Sec63 or Prkcsh results in the reduction of the effective functional levels of PC1 and PC2, with the dosage of PC1 being a rate-limiting determinant of cysts in ADPLD (14, 15) .
PC1 is a 4302 amino acid-integral membrane protein with a large N-terminal extracellular region, 11 transmembrane helices, and a short intracellular C-terminal tail. PC1 contains a G protein-coupled receptor proteolysis site (GPS) at the interface of the extracellular and intramembranous domains. The GPS undergoes autoproteolytic cleavage (16) via a GPCR autoproteolysis-inducing (GAIN) domain with a structure that was recently solved (17) . Knock-in mice producing noncleavable PC1 develop cystic kidneys (18) , and GPS cleavage-deficient PC1 protein does not traffic properly and has complete loss of function (19) , highlighting the critical role of GPS cleavage in PC1 functionality.
The unfolded protein response (UPR) coordinates the transcriptional activation of a set of genes that encode ER chaperones and other secretory pathway proteins, which largely increase the capac-
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Results
Loss of Sec63 selectively activates the IRE1α-XBP1 UPR branch. In order to determine whether UPR plays a role in cyst progression following the loss of GIIβ or Sec63, we examined the UPR activation status in the kidneys of Prkcsh fl/fl Ksp-Cre and Sec63 fl/fl Ksp-Cre (herein referred to as SEC63-KO) mice that had kidney-selective conditional inactivation of GIIβ and SEC63, respectively (14) . We found that IRE1αmediated Xbp1 mRNA splicing was increased in SEC63-deficient kidney tissues, but not in Prkcsh KOs ( Figure 1A) . Similarly, conditionally immortalized SEC63-KO cell lines showed increased Xbp1 mRNA splicing that was not present in the parental cell line with persistent SEC63 expression, nor in Prkcsh KO and control cells ( Figure  1A) . These findings suggested the existence of a functional interaction between SEC63 and the IRE1α/XBP1 UPR pathway. ity of the ER to handle transit of client proteins destined to enter the membrane and secretory pathways (20, 21) . In mammalian cells, UPR is mediated by three ER transmembrane proteins designated IRE1α, ATF6α, and PERK that function as proximal sensors. Among these, IRE1α is the most conserved from yeast to humans. IRE1α undergoes transautophosphorylation, which activates its endoribonuclease activity in the cytosolic domain. This activity catalyzes an unconventional splicing of XBP1 mRNA to produce XBP1s, a transcription factor that promotes the transcription of a group of UPR target genes including BiP, ERdj4, SEC61α, and HERP (22, 23) .
Since the ADPLD gene products GIIβ and SEC63 function in ER translocation, folding, and quality control -and are, in turn, under surveillance by UPR -we hypothesized that activation of UPR may have a suppressive role against cyst progression following a loss of the ADPLD genes. We found that IRE1α-mediated XBP1 activation occurred following a loss of SEC63 but not following a loss of GIIβ, and that the concomitant KO of Xbp1 and Sec63 resulted in a worsening of the cystic kidney phenotype. We also found that SEC63 and XBP1 are required for robust autoproteolytic cleavage at the GPS in the GAIN domain of PC1, as well as in other cell-adhesion GPCRs that also have this domain. We established that the worsening of polycystic disease in SEC63-XBP1 double mutant mice resulted from failure of PC1-GPS cleavage to occur. We also found that with age-matched SEC63-KO mice by all three quantitative criteria ( Figure 2 and Supplemental Figure 1 ). Xbp1 fl/fl Ksp-Cre mice did not exhibit any defect in kidney morphology or function up to at least 6 months of age (Supplemental Figure 2 ). Supporting the specificity of this effect to Sec63 models that show activation of IRE1α-XBP1, concomitant inactivation of XBP1 in Prkcsh fl/fl Ksp-Cre mice -which do not have underlying activation of XBP1s ( Figure 1A ) -did not have any effect on the cystic kidney phenotype (Supplemental Figure 3) . These data show a partially compensatory role for XBP1s in reducing polycystic disease severity that resulted from SEC63 deficiency. Cyst formation and growth in SEC63-KO mice is the result of reduced functional PC1 and can be ameliorated by transgenic overexpression of PC1 using Pkd1 F/H -BAC transgenic mouse lines (14) . We tested whether the worsening of polycystic disease in DKO mice was also dependent on PC1 dosage. The Pkd1 F/H -BAC transgene significantly reduced the cystic kidney phenotype of the DKO mice, indicating that the protective effects of XBP1s are a function of PC1 dosage ( Figure 2 ). The specificity of this effect for PC1 is highlighted by the absence of any beneficial effect of PC2 overexpression on cyst progression in DKO mice ( Figure 2 ) despite the marked reduction of PC2 in DKO kidneys (Supplemental Figure 4 ).
Xbp1 inactivation leads to a proliferative phenotype in the absence of Sec63. The worsened polycystic kidney disease in DKO compared with SEC63-KO mice was primarily the result of increased cystic growth in collecting duct segments without appreciable change in thick ascending limb cyst formation ( Figure 3A ). The sensitivity of collecting ducts to the cyst growth-suppressive effects of XBP1s is in keeping with the previously reported sensitivity of this nephron segment to PC1 dosage in Sec63 fl/fl Pkd1 +/− Ksp-Cre mice (14) . We quantitated the rates of apoptosis and proliferation in collecting duct segments by TUNEL and Ki67 staining, respectively, in both SEC63-KO and DKO mouse kidneys to determine whether the cystic growth was the consequence of decreased apoptosis or increased cell proliferation ( Figure 3 , B and C). TUNEL-positive apoptotic collecting duct cells marked by dolichos biflorus agglutinin (DBA) were increased in the SEC63-KO and DKO kidneys compared with the WT, but there was no significant difference between the SEC63-KO and DKO groups. In contrast, the rate of Ki67-positive collecting duct cells was increased by 2-fold in DKO kidneys compared with SEC63-KO kidneys, indicating that the more severe kidney cyst phenotype of DKO mice in the absence of SEC63 and XBP1 resulted from increased proliferation of the collecting duct cyst epithelial cells ( Figure 3 , B and C).
XBP1 and SEC63 are required for autoproteolytic GPS cleavage. We examined the mechanism by which active XBP1s impacts PC1-dependent cyst formation by examining PC1 expression in SEC63-KO and DKO cells and tissues, all of which expressed epitope-tagged PC1 from the 3-copy Pkd1 F/H -BAC transgene (14) . Full-length PC1 (PC1-FL) is cleaved at the GPS motif within the GAIN domain to yield the extracellular N-terminal fragment, PC1-NTF, and the intramembranous C-terminal fragment, PC1-CTF. Steady-state levels of PC1-CTF were markedly reduced in SEC63-KO-Pkd1 F/H -BAC cell lines but remained normal in cells deficient only in XBP1 ( Figure 4A ). DKO-Pkd1 F/H -BAC cells were completely devoid of PC1-CTF and showed a concomitant increase in PC1-FL, strongly suggestive of impaired GPS cleavage ( Figure 4A , left panel). These findings were recapitulated in We next investigated the effects of Sec63 inactivation on all branches of the UPR pathways using SEC63-KO cell lines. Consistent with the observed increase in basal Xbp1 splicing, basal phosphorylation of IRE1α (p-IRE1α) was considerably increased in untreated SEC63-KO cells ( Figure 1B ). This was completely reversed by retroviral reconstitution of SEC63-KO cells with SEC63 but not with control GFP expression ( Figure 1B ). Constitutive IRE1α phosphorylation and Xbp1 splicing resulted in induction of Xbp1s mRNA and XBP1 protein in SEC63-KO cells ( Figure  1 , C and D). This was accompanied by increased expression of the XBP1s transcriptional targets Bip and Erdj4 (Figure 1 , C and D). Induction of basal Xbp1s, Bip, and Erdj4 mRNAs in SEC63-KO cells were reversed by SEC63 retroviral transduction ( Figure 1D ).
We evaluated whether the PERK and ATF6α branches of the UPR pathway were also activated in the absence of SEC63. However, SEC63-KO cells under unstressed conditions did not show basal PERK activation and showed negligible phosphorylation of PERK and eIF2α, as well as minimal induction of the PERK pathway targets ATF4 and CHOP (Figure 1 , B-D). Similarly, the active nuclear form ATF6α(N) was not significantly altered in SEC63-KO cells compared with WT cells under basal unstressed conditions ( Figure 1C ).
Selective constitutive activation of the IRE1α-XBP1 branch was also observed in vivo in SEC63-KO mouse kidneys. Steady-state expression of XBP1S mRNA and its target gene transcripts encoding ERdj4, SEC61α, and BiP were increased in P18 SEC63-KO kidneys compared with Sec63 fl/fl WT controls ( Figure 1E ). Transcript levels for the PERK target Chop were unchanged in SEC63-KO kidneys ( Figure 1E ). Immunoblot analysis of nuclear extracts from kidney lysates directly showed the induction of XBP1s protein in SEC63-KO kidneys ( Figure 1F ). Nuclear ATF6α(N) and the PERK-dependent target CHOP were not induced in SEC63-KO kidneys ( Figure  1F ). Kidney tissue lysates from tunicamycin-treated mice served as positive controls ( Figure 1F ). PERK-dependent phosphorylation of eIF2α was also not increased in SEC63-KO kidneys compared with WT ( Figure 1G ). Given that ATF6α and PERK pathways are activated together with IRE1α by chemical ER stress inducers, such as tunicamycin, the selective activation of the IRE1α/XBP1 pathway in SEC63-KO cells and kidney tissues shows that SEC63 deficiency triggers IRE1α activation in a manner distinct from the generalized ER stress response both in vitro and in vivo.
Genetic interaction between Xbp1 and Sec63 is protective in the context of SEC63-dependent cyst growth. SEC63-KO mice develop kidney cysts due to decreased levels of functional PC1 (14) . We hypothesized that the IRE1/XBP1 UPR pathway activated in SEC63-KO kidneys serves a protective role in the context of cyst growth by mitigating protein biosynthetic defects underlying cyst formation in SEC63 mutants. We investigated this in vivo by comparing the severity of polycystic kidney disease in Figure 7 , A-C). These results indicate that activated XBP1s can partially compensate for Sec63 deficiency to promote PC1 GPS cleavage. Since XBP1s is a transcription factor, we hypothesized that XBP1s promotes PC1 processing via its target genes. ERdj4 and p58IPK are ER-localized DnaJ proteins that are strongly induced by XBP1s (22) . We found that ERdj4, but not p58IPK, overexpression modestly increased PC1-CTF levels in DKO cells ( Figure 4D , right panel, and Supplemental Figure 7D ). ERdj4 overexpression also modestly suppressed IRE1α activation (phosphorylation) in DKO cells ( Figure 4E ), suggesting that ERdj4, a specific XBP1 target, can partly compensate for the loss of SEC63. The effect of ERdj4 was far weaker than XBP1s, suggesting that the total effect from XBP1s results from the cooperative action of a number of its transcriptional targets, of which ERdj4 may be one component. Taken together, these data suggest that optimal steady-state levels and GPS cleavage of PC1 require the presence of SEC63, but XBP1s expression can partially support GPS cleavage of PC1 in the absence of the critical factor, SEC63. kidney tissue in vivo. While kidney tissues are mosaic for inactivation of Sec63 and Xbp1 due to restricted expression of Ksp-Cre in a subset of nephron segments, whole tissue lysates from DKO-Pkd1 F/H -BAC mice nonetheless showed a marked reduction in PC1-CTF beyond that seen in SEC63-KO-Pkd1 F/H -BAC kidneys ( Figure 4A , right panel). Coimmunoprecipitation experiments in WT-Pkd1 F/H -BAC cells showed that endogenous SEC63 exists in a complex with PC1 ( Figure 4B ). Interaction between PC1 and SEC63 was also confirmed by coimmunoprecipitation analysis in HEK293 cells (Supplemental Figure 5 ). This finding raises the possibility that SEC63 may promote PC1 processing in the ER through an interaction complex that includes both proteins.
Reconstitution of DKO cells with SEC63 completely restored PC1-CTF expression, while re-expression of WT unspliced XBP1u/s or the constitutively active-spliced XBP1s in DKO cells partially restored PC1 GPS cleavage ( Figure 4C ). Overexpression of a mutant XBP1u that cannot be spliced by IRE1α had no effect on PC1 processing (Supplemental Figure 6 ). Reconstitution of DKO-Pkd1 F/H -BAC cells with varying doses of XBP1-expressing retroviruses demonstrated that PC1 cleavage correlated with the The GAIN domain in PC1 that is required for its autoproteolytic cleavage at the GPS motif is well conserved in all celladhesion GPCRs, and GPS cleavage is critical for their functions as well (17, (24) (25) (26) . We determined whether SEC63 and XBP1 have a general role in the GAIN domain autoproteolytic GPS cleavage by examining the effect of mutation in both genes on GPS cleavage in two cell-adhesion GPCRs, EGF-like module-containing mucin-like hormone receptor-like 2 (EMR2) and CIRL/latrophilin (CL1). Transfection of epitope-tagged EMR2 and CL1 expression vectors into WT cells generated the respective CTFs ( Figure 5 ). Western blot with the EMR2 antibody that detects the full-length and the NTF confirmed that EMR2 underwent substantial cleavage in WT cells ( Figure 5A ). EMR2-S518A and CL1-ΔGPS, carrying mutations in respective GPS domains (17, 26) , were completely resistant to the cleavage in WT cell ( Figure 5 ). DKO cells showed markedly suppressed cleavage of both EMR2 ( Figure 5A ) and CL1 ( Figure  5B ), indicating that SEC63 and XBP1 are generally required for efficient autoproteolysis of GAIN domain-containing receptor proteins at the GPS motif. These findings further suggest that the autoproteolytic cleavage process at the GPS requires associated chaperone proteins to support the conformational state conducive to the GAIN domain-mediated proteolysis that is essential for PC1 and other GPS-containing proteins' functions. Activation of XBP1 can enhance functional PC1 biogenesis. These findings led us to consider whether active XBP1s can also augment PC1 processing in systems with defective maturation of PC1 that do not have endogenous IRE1α-XBP1 activation. Prkcsh mutant cells and kidneys are one such model, with cysts arising due to impaired posttranslational processing of PC1 but without detectable activation of any branch of UPR. We found that expression of XBP1s in Prkcsh -/-Pkd1 F/H -BAC cells restored the expression of PC1-FL and PC1-CTF ( Figure 6A ), supporting the hypothesis that the stimulatory effect of XBP1s on PC1 biogenesis is not limited to Sec63-deficient cells but extends to other models defective in protein maturation.
We next tested whether the effect of XBP1s on PC1 biogenesis is recapitulated in vivo to improve polycystic kidney disease in Prkcsh-deficient mice. In order to express XBP1s in vivo, we made use of a transgenic line, ROSA-XBP1s, in which a loxP-flanked transcriptional STOP sequence coupled to the XBP1s cDNA was inserted into the ROSA26 locus. Expression of Ksp-Cre recombinase removed the STOP sequence and permitted transgenic expression of XBP1s, which translocated to the nucleus of cells in nephron segments that express Cre ( Figure 6 , B and C). We generated ROSA-XBP1s Prkcsh fl/fl Ksp-Cre compound mutant mice in which Cre activity resulted in deletion of Prkcsh and expression of XBP1s in distal nephron segments, including collecting ducts. Expression of XBP1s significantly rescued the severity of polycystic kidney disease in Prkcsh-mutant mice, as determined by the reduction in kidney size, cystic index, and BUN ( Figure 6 , D and E, and Supplemental Figure  8 ). These data suggest that XBP1s expression can partially compensate for protein biogenesis defects in Prkcsh (GIIβ) mutants in vivo, reducing polycystic kidney disease severity most likely by a PC1 expression-dependent mechanism ( Figure 6 , D and E).
Activation of IRE1α/XBP1 is a compensatory mechanism in SEC63-deficient cells. We hypothesized that the IRE1α/XBP1 pathway is activated in SEC63-deficient cells as a compensatory mechanism, and hence the loss of both SEC63 and XBP1 may further activate IRE1α through a regulatory feedback loop as the downstream function of XBP1 is blocked. Indeed, IRE1α was fully phosphorylated in unstressed DKO cells, and it completely spliced the mutant Xbp1 mRNA lacking exon 2 that was still present in DKO cells ( Figure 7A ). DKO cells did not exhibit any basal activation of ATF6α, PERK, or downstream targets of PERK, such as ATF4 and CHOP, suggesting that there was selective activation of IRE1α ( Figure 7A ). Reconstitution of DKO cells with SEC63 reduced basal IRE1α phosphorylation ( Figure 7B ). XBP1 overexpression also effectively suppressed IRE1α phosphorylation in DKO cells even after tunicamycin treatment ( Figure 7B and Supplemental Figure 6 ), suggesting that XBP1-inducible chaperones have potent suppressive activities against IRE1α hyperactivation.
IRE1α-mediated splicing of the mutant endogenous Xbp1 mRNA was also suppressed by human XBP1s overexpression in unstressed DKO cells ( Figure 7B ). It is notable that DKO cells infected with XBP1u/s retroviruses showed high XBP1s protein expression and low IRE1α activity, as indicated by minimal IRE1α phosphorylation and a low ratio of spliced to unspliced Xbp1 mRNAs ( Figure 7B and Supplemental Figure 6 ). Both the endogenous exon 2-deleted mouse Xbp1 and the transgenic human XBP1 mRNA species were spliced by IRE1α at low levels in unstressed DKO cells transduced with human XBP1u/s retroviruses ( Figure  7B ). These data support the conclusion that the basal splicing of overexpressed XBP1u/s mRNA produced sufficient amounts of XBP1s protein to suppress IRE1α activity in DKO cells through the hypothesized regulatory feedback loop. In aggregate, we concluded that IRE1α is constitutively and selectively activated by the loss of SEC63, but this activation is incomplete due to suppression by increased XBP1s. When Xbp1 is also genetically inactivated, this compensatory mechanism is lost and IRE1α is constitutively and completely activated. This relationship of IRE1α activation with mutation in SEC63 alone or together with XBP1 parallels the relationship between SEC63 and SEC63-XBP1 mutations in the degree of GPS autoproteolysis loss in PC1.
IRE1α activation in SEC63-deficient cells requires de novo protein synthesis. We next investigated how SEC63 deficiency selectively activates the IRE1α/XBP1 pathway. Given the absence of concomitant activation of the PERK/eIF2α and ATF6α UPR branches (Figures 1 and 7) , it was unlikely that the activation of the IRE1α/XBP1 pathway in the absence of SEC63 was the consequence of general- polypeptides are translocated into the ER lumen and misfolded proteins exit the ER for degradation (8, 29) . Calnexin, calreticulin, and GRP94 are abundant ER chaperones that facilitate the folding of newly synthesized proteins and glycoproteins (32, 33) . We used shRNA-directed silencing of these chaperone genes to evaluate the effects of the loss of the respective protein products on IRE1α activation. We showed efficient silencing of these six genes by quantitative real-time reverse transcription PCR (RT-PCR and semi-quantitative Western blotting (Supplemental Figure 9 ). shRNA-directed silencing of ERdj4, SEC61A, and BiP markedly increased basal IRE1α phosphorylation in WT ( Figure 9 ) and XBP1-KO cells (Supplemental Figure 10) , both expressing Pkd1 F/H -BAC. In contrast, shRNAs targeting calnexin, calreticulin, and GRP94 resulted in either no change or a modest decrease in IRE1α phosphorylation in both WT (Figure 9 ) and XBP1-deficient cells (Supplemental Figure 10 ). Increased IRE1α phosphorylation following silencing of ERdj4, SEC61α, and BiP -but not calnexin, calreticulin, and GRP94 -also occurred in the Hepa1-6 cell line, showing that this effect is independent of cell type (Supplemental Figure 11,  A and B) . Concomitant silencing of XBP1 further increased IRE1α phosphorylation induced by shRNAs targeting ERdj4, SEC61α, or BiP in Hepa1-6 cells that were mirroring the effects observed with SEC63 inactivation (Supplemental Figure 11C ). As was also the case following inactivation of SEC63, neither PERK nor ATF6α was activated by shRNA-directed silencing of ERdj4, SEC61α, or BiP, despite marked activation of IRE1α in both WT and XBP1-deficient ized increased ER stress. We considered the possibilities that loss of SEC63 selectively perturbs ER protein folding homeostasis in a manner leading only to IRE1α activation or that SEC63 specifically regulates IRE1α activity through direct protein-to-protein interaction. We reasoned that if IRE1α is activated in SEC63deficient cells due to perturbation of ER protein folding homeostasis, suppression of protein synthesis would diminish the IRE1α activation because the input of client proteins for ER chaperones and folding enzymes is reduced. We confirmed that cycloheximide suppressed the activation of all three branches of UPR (IRE1α, PERK, and ATF6α) in response to tunicamycin treatment in WT cells ( Figure 8A ). Cycloheximide also completely abolished basal IRE1α activation in SEC63-KO cells ( Figure 8B ), suggesting that the loss of SEC63 chaperone function perturbed ER protein folding homeostasis, leading to IRE1α activation that can be reversed by inhibiting de novo protein synthesis.
Abundance of select ER chaperones determines IRE1α activity. We next asked whether IRE1α activation occurs specifically by the loss of the chaperone function of SEC63 or whether the loss of other ER chaperones would similarly affect IRE1α activity. We chose genes that are abundantly present in the ER in either an XBP1dependent (ERdj4, BiP, SEC61α, GRP94) or XBP1-independent (calnexin, calreticulin) manner. ERdj4 and BiP are ER-luminal proteins involved in protein folding and ER-associated degradation (ERAD) of misfolded proteins (27) (28) (29) (30) (31) . SEC61α is a component of the ER translocon through which newly synthesized the HSP40 protein family, which interacts with HSP70 proteins through the well-conserved J-domains to stimulate the ATPase activity of HSP70s (34, 35) . Our current study has defined three functional relationships for SEC63: (a) inactivation of SEC63 results in selective activation of the IRE1α-XBP1 branch of UPR, (b) SEC63 exists in a protein interaction complex with PC1, and (c) cleavage at the GPS site in PC1 and other cell-adhesion GPCRs is dependent on SEC63 and XBP1s. Loss of SEC63, as occurs in bile duct-derived liver cysts in patients with isolated polycystic liver disease, results in selective activation of the IRE1α-XBP1 branch of UPR. This finding is unique to ADPLD, resulting from mutations in Sec63, as inactivation of another gene for ADPLD, Prkcsh, does not result in activation of any UPR branch. The activation of IRE1α in the absence of SEC63 is dependent on de novo protein synthesis, and reducing the input of secretory cargo proteins in the ER can suppresses IRE1α activation resulting from the absence of SEC63. IRE1α activation in the absence of SEC63 is also suppressed by overexpression of XBP1s, indicating that upregulating XBP1s transcriptional target chaperones can also partially overcome the loss of SEC63. In aggregate, these findings show that the mechanism of IRE1α activation following a loss of SEC63 specifically results from a loss of SEC63 chaperone function.
Our data pose the hypothesis that selective activation of IRE1α is mediated by a subset of ER chaperone proteins associated with the SEC63 and IRE1α-BiP activity. SEC63 is known to be present in a multiprotein complex composed of SEC61α, SEC61β, cells (Figure 9 and Supplemental Figure 10 ). Taken together, these findings suggest that IRE1α activity is sensitive to the abundance of a subset of ER chaperones -including SEC63, ERdj4, SEC61, and BiP -but not others -including calnexin, calreticulin and GRP94. These data highlight the diversity in the activation mechanisms for IRE1α and define a mechanism for this activation that is dependent on a subset of ER chaperone proteins.
Finally, we determined whether activation of IRE1α by knockdown of other chaperones affected PC1 cleavage and maturation in a manner similar to inactivation of SEC63 and XBP1. Silencing of ERdj4, SEC61α, and BiP had little effect on PC1 processing in both WT and Xbp1 KO cells despite robust activation of IRE1α (Figure 9 and Supplemental Figure 10 ). Knockdown of calnexin, calreticulin, and GRP94 also had no effect on PC1. This functional separation of IRE1α activation and PC1 processing, along with evidence of a direct interaction between PC1 and SEC63, suggests that the decrease in steady-state levels and GPS cleavage efficiency of PC1 in the absence of SEC63 reflects a specific mechanistic interaction of SEC63 in PC1 processing and points to a functional compensatory role for XBP1 in states of defective PC1 maturation in the ER.
Discussion
ER protein folding, modifications, and quality control are governed by several chaperone systems, which include HSP70 (BiP)/ HSP40 (DnaJ proteins), HSP90 (GRP94), calnexin/calreticulin, and protein disulfide isomerases (PDIs). SEC63 is a member of static levels. This in turn would feed back to dampen IRE1α activation in a manner that is dependent on and controlled by XBP1s activation. The ability of overexpressed XBP1s to suppress IRE1α activation after loss of SEC63 is in keeping with this mechanistic hypothesis, as is the occurrence of markedly enhanced IRE1α activation observed with inactivation of both SEC63 and XBP1.
Since SEC63 is not one of the XBP1 target chaperones and yet behaves similarly to the XBP1s transcription targets with respect to activation of IRE1α, it may be that SEC63 functions as a proximal sensor of ER protein homeostasis. For example, the level of baseline SEC63 activity may become relatively insufficient with respect to an increase in the protein burden, resulting in an increase in the local concentration of unfolded protein species sufficient to activate IRE1α. This leads to increased expression of XBP1s target chaperones, which serve to resolve the stressed state and achieve a renewed homeostatic balance.
Our study also defines a biochemical and genetic mechanism implicating the IRE1α/XBP1 UPR pathway in cyst formation following SEC63 inactivation. Our previous studies have shown that inactivation of SEC63 results in sufficiently diminished PC1 function to cause polycystic disease in the kidney and liver in mice (14) . We now find that the effect on PC1 in SEC63-KO mice is partially counterbalanced by compensatory activation of XBP1s in the absence of SEC63. Evidence to support this comes from our finding that double inactivation of Sec63 and Xbp1 markedly increases the severity of polycystic disease in mice. The mechanism underlying the worsening polycystic phenotype in the DKO is a significant reduction of PC1 GPS cleavage without further reduction in steadystate PC1 protein expression compared with the SEC63-KO. We recently found that GPS cleavage is essential for PC1 trafficking to cilia and to its function in vivo (19) . In keeping with the DKO phenotype being PC1 dependent, the worsening polycystic kidney disease is primarily the result of increased cyst-cell proliferation in the collecting duct, the nephron segment that has proved to be most sensitive to PC1 dosage in vivo (14) . The polycystic kidney disease severity in the Sec63/Xbp1 DKOs can be reduced by transgenic overexpression of Pkd1. This suggests that while there is a profound loss of PC1 GPS cleavage efficiency in Sec63/Xbp1 double mutants in vivo, it does not result in an absolute loss of PC1 function, since increasing the quantity of the substrate by modest transgenic overexpression can reduce the severity of the phenotype.
How do SEC63 and XBP1 regulate PC1 autoproteolysis? Studies in yeast showed that SEC63 is required for signal recognition particle-dependent cotranslational and posttranslational translocation of secretory polypeptides across the ER membrane, and that SEC63 is essential for cell viability (45) (46) (47) . The role of mammalian SEC63 in the synthesis and trafficking of the secretory cargo proteins is less understood. SEC63 is not required for cell viability in mammalian systems. Loss of SEC63 may cause changes in the ER homeostatic microenvironment that disrupt the precise folding of PC1, thereby impeding autoproteolysis at the GPS. Alternatively, the direct interaction we identified between SEC63 and PC1 may act to facilitate autoproteolysis. Overall, our data support the latter hypothesis. In addition to our finding that SEC63 and PC1 exist in a complex, we showed that silencing of SEC61A or other major ER chaperones -BiP, calnexin, calreticulin, GRP94, and the cochaperone ERdj4 -did not inhibit PC1 processing even in the absence of XBP1 and BiP (36) (37) (38) (39) . BiP interacts with IRE1α (40) as well as ERdj4 (31) , another DnaJ domain-containing chaperone like SEC63. We found that, similarly to inactivation of SEC63, knockdown of ERdj4, SEC61A, and BiP also results in selective activation of the IRE1α-XBP1 branch of UPR. The specificity of these findings is supported by the absence of IRE1α-XBP1 activation following knockdown of calnexin, calreticulin, or GRP94, none of which are associated with complexes containing SEC63, IRE1α, and BiP.
Our finding of constitutive activation of IRE1α unaccompanied by PERK and ATF6α activation further suggests the existence of a more refined mechanism by which UPR sensors are differentially activated in vivo. The simultaneous activation by chemical ER stress inducers of the three UPR arms governed by IRE1α, PERK, and ATF6α have implicated a commonality in the mechanisms underlying the activation of all UPR sensors (21) . One critical caveat to this is that the precise molecular triggers that activate generalized UPR are not fully defined. It has been shown that BiP binds to IRE1α, PERK, and ATF6α, and that it dissociates from these UPR sensors under stress (40, 41) . What causes the BiP association and whether the dissociation from BiP is sufficient for UPR activation remains controversial (42, 43) . IRE1α is also reported to directly bind to unstructured peptides, raising the possibility that this direct binding to unfolded protein species may play a role in IRE1α activation (44) . Overall, our results suggest that there exists a graded response to defects in protein maturation in the secretory pathway, with only the IRE1α-XBP1 UPR branch becoming activated by insufficient activity of selected chaperone functions, including those of SEC63, ERdj4, BiP, and SEC61α.
SEC63 contains a DnaJ domain that is also present in six other ER-localized proteins. Among these, ERdj3/HEDJ, ERdj4, and p58IPK are transcriptionally activated by XBP1s (22), a property shared with the SEC63-associated proteins BiP and SEC61A. It is tempting to speculate that if the levels of any of these XBP1 target chaperones are insufficient for the burden of misfolded secretory proteins, the initial cellular response may be selective activation of IRE1α and XBP1s to specifically increase transcription of these target chaperones and thereby return protein biogenesis to homeo- may be effective in ADPLD patients with mutations in genes causing defective biogenesis of PC1 transiting through the secretory pathway and in ADPKD patients in whom the disease results from hypomorphic missense mutations that produce PC1 forms with reduced, rather than absent, function.
Methods
Mouse lines. All experiments were conducted in accordance with Yale University Institutional Animal Care and Use Committee guidelines and procedures. The mice described in this article are on a C57BL/6 × 129 mixed background. Mice of both sexes were used in this study. The genetic models Prkcsh fl/fl , Sec63 fl/fl , Xbp1 fl/fl , Pkd1 F/H -BAC, and Pkd2-BAC used in the study were previously described (14, 48, 49) . They are predominantly on a C57BL/6 genetic background. In order to produce ROSA26-XBP1s mice, human XBP1s cDNA was cloned into pBigT containing a loxP-flanked neo cassette (50) and then sub-cloned into pROSA26-1. The resulting targeting construct was transfected into TL1 embryonic stem (ES) cells. A recombined ES cell clone was selected and used for the blastocyst injection and the chimera production in the Transgenic Mouse Facility of the Duke Comprehensive Cancer Center. The allocation of animals to experimental and control groups was solely based on genotype, irrespective of sex and without any exclusions.
Sec63 -/-, Xbp1 -/-, and Sec63 -/-Xbp1 -/immortalized cell lines. A selection of Sec63 fl/fl Pkd1 F/H -BAC, Xbp1 fl/fl Pkd1 F/H -BAC, and Sec63 fl/fl Xbp1 fl/fl Pkd1 F/H -BAC mice were crossed with the ImmortoMouse interferon-γ inducible H-2Kb-tsA58 SV40 temperature-sensitive transgenic line (51) , and conditionally immortalized kidney tubule epithelial cell lines were produced as described previously (14) . "Parental" cell lines with the flox alleles were converted to null cell lines ex vivo by infection with Adeno-Cre recombinase (Vector Biolabs), and clonal cell lines and irrespective of their effects on activation of IRE1α; the latter may serve as a surrogate for alterations in the ER homeostatic microenvironment that nonetheless have no effect on PC1 maturation.
While loss of other chaperone proteins does not affect GPS cleavage, the compensatory activation of XBP1s following loss of SEC63 results in the induction of XBP1s transcriptional targets, including the HSP40 DnaJ domain protein ERdj4, that can partially compensate for the loss of SEC63 to allow GPS cleavage to occur, albeit with reduced efficiency. The unique relationship of SEC63 to PC1 maturation and GPS cleavage may also explain why SEC63, but none of the aforementioned ER component proteins, is associated with human polycystic liver disease pathogenesis. Mutations in SEC63 and PRKCSH account for about 40% of ADPLD cases, and additional disease gene discovery in the remainder of patients may help identify other factors essential for the cotranslational and posttranslational maturation of PC1.
Further support for this mechanistic interpretation follows from our finding that isolated activation of XBP1s reduces cyst formation and improves PC1 processing by mechanisms independent of SEC63 and of UPR. This conclusion is supported in part by the finding that XBP1s is effective in improving PC1 GPS cleavage and function in the absence of SEC63. More compelling, however, is our demonstration that PC1 function improved both in vitro and in vivo with heterologous expression of XBP1s in Prkcsh-dependent ADPLD models that have normal SEC63 function and do not exhibit activation of endogenous XBP1s or UPR. The latter finding raises the possibility that selective pharmacological activation of XBP1 or a subset of its transcriptional targets (e.g., ERdj4), or small molecule augmentation of the respective functions of these proteins, may be beneficial in the treatment of polycystic diseases resulting from defective ER maturation of PC1. Such therapies Figure 9 . Effects of chaperone silencing on IRE1α activity and PC1 processing. WT-Pkd1 F/H -BAC cells were transduced with lentiviruses expressing two independent shRNAs labeled "1" and "2" targeting the indicated genes, without and with tunicamycin. Activation status of UPR sensors and PC1 processing were determined by immunoblotting. *Active phosphorylated form of the respective UPR sensors.
Protein preparation and immunoblot analysis. Tissues were extracted and homogenized with a motor-driven Teflon pestle homogenizer in ice-cold buffer (250 mM sucrose, 1 mM EGTA, 25 mM Tris, pH 7.4 containing protease inhibitors). The homogenates were centrifuged twice at 500 g. The resulting supernatant was analyzed as total lysate. Cells were harvested and lysed in RIPA buffer containing complete protease inhibitor cocktails (Roche). Immunoblotting was performed using anti-ATF4 (Santa Cruz Biotechnology Inc., sc-200), rabbit polyclonal anti-ATF6α (raised against mouse ATF6α) anti-CHOP (Santa Cruz Biotechnology Inc., sc-575), anti-eIF2α (Santa Cruz Biotechnology Inc., sc-11386), anti-phospho-eIF2α (Cell Signaling Technology, 9721), anti-HA (Roche, 3F10), anti-Hsp90 (Santa Cruz Biotechnology Inc., sc-7947), anti-IRE1α (Cell Signaling Technology, 3294), anti-SEC63 (ProteinTech, 13978-1-AP) (38) , anti-PERK (Cell Signaling Technology, 3192), anti-phospho-PERK (Cell Signaling Technology, 3179), rabbit polyclonal anti-XBP1 total (raised against mouse XBP1u), and rabbit polyclonal anti-XBP1s (raised against the C-terminal 15 amino acids of XBP1s) antibodies. Phos-tag Western blotting was described previously (57) . PC1 immunoprecipitation was performed using anti-HA affinity matrix (Roche).
Statistics. Comparisons of 3 or more groups were performed using ANOVA followed by Tukey's multiple group comparison post-test. A comparison of two groups was performed using the 2-tailed Student's t test. A value of P < 0.05 was considered significant. Data are presented as mean ± SEM.
Study approval. All animal studies were approved by the IACUC of Yale University.
